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The process of ympbh vessel expansion and func-
tion in the development of CCl induced bepatic
Sfibrosis and cirrbosis was studied using intra-
vital fluorescence microscopy of the rat liver. The
unique aspect of our approach was the use of
bigh molecular fluorescein-isothiocyanate-la-
beled dextran (MW, 150,000) as fluorescent
marker, which allowed for simultaneous assess-
ment of both 1) the macromolecular blood bepa-
tocytic exchange from the sinusoidal microvas-
culature (extra-/intrasinusoidal gray level
intensity at 1, 3, 5, and 10 minutes after intrave-
nous injection) and 2) the bepatic lympb system.
In animals exposed with CCl; up to 4 weeks,
macromolecular trans-sinusoidal exchange was
Jound progressively delayed. This was strongly
associated with lympb vessel expansion and
Junction, as indicated by a continuous increase
of ympb vessel density and area. Delay of mac-
romolecular exchange and lympb vessel expan-
sion was found not furtber enbanced at fibrotic
and cirrbotic stages of 8- and 12-week CCl -ex-
posed livers. Linear regression analysis revealed
a strong negative correlation between lympbatic
network density development and macromolecu-
lar trans-sinusoidal exchange (* = 0.99; P <
0.01). Thus, our study provides for tbe first time
direct evidence for the pivotal role of lympbatic
Junction for macromolecular transport in case of
deteriorated sinusoidal bepatocellular exchange
capacity. (Am J Pathol 1997, 151:169-175)

During cirrhosis, the hepatic microvascular pheno-
type is transformed from sinusoids into continuous
capillaries. This crucial process includes the exces-
sive deposition of extracellular matrix in the space of
Disse with both the formation of basement mem-

branes and the defenestration of endothelial cells,
thereby compromising the normal transfer of nutri-
ents between sinusoidal blood and hepatocytes. All
metabolites, exchanging between the bloodstream
and the hepatocytes, pass through the space of
Disse, which extends from the nonluminal side of the
sinusoidal endothelial cell to the microvilli of the hep-
atocellular membrane and which is considered to be
confluent with the hepatic lymphatics of the portal
tracts.”? Increased lymph flow is known to occur in
diffuse abnormalities of liver architecture such as
fibrosis and cirrhosis.®* This fluid bypass has sup-
posedly been related to an increase of flow hin-
drance due to the altered interstitial matrix with lob-
ular distortion®® and, thus, disordered blood
hepatocyte exchange capacity.® However, there is
no report demonstrating direct dependency of trans-
sinusoidal hepatocellular exchange and lymphatic
drainage.

Herein, we report for the first time the kinetics of
hepatic lymph vessel expansion and the functional
relation to blood hepatocytic exchange capacity by
the unique approach of in vivo high resolution fluo-
rescence microscopy in liver fibrotic and cirrhotic
rats.

Materials and Methods

Animals and Induction of Liver Fibrosis and
Cirrhosis

Male Sprague-Dawley rats (Charles River, Wiga, Sulz-
feld, Germany) with a starting weight of ~170 g were
given phenobarbital sodium (35 mg/dl) with their
drinking water. Three days later the rats were sub-
cutaneously injected with 0.15 ml/100 g body weight
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of CCl, (Merck, Darmstadt, Germany) in an equal
volume of olive oil (Merck, Darmstadt, Germany)
twice a week. The duration of treatment included 1
(n=5),2(n=28),4(n=26),8(n=26),and12(n =
7) weeks, respectively. A minimal delay of 3 days
after the last dose of CCl, was allowed before micro-
circulation studies were undertaken. Control animals
(n = 5), which did not receive phenobarbital or CCl,
but equal volumes of olive oil, were matched with
treated animals based on their body weight. All an-
imals were kept on a standard light cycle and were
fed ad libitum with a stock pellet dish. Routine histo-
pathology of liver tissue samples (light microscopy,
immunohistochemistry (anti-a-smooth muscle actin
and anti-desmin), and scanning electron micros-
copy) confirmed the well known pattern of morpho-
logical features of CCl,-exposed livers.”®

In Vivo Studies

The animals were anesthetized with chloral hydrate
(36 mg/kg body weight intraperitoneally) and placed
in supine position on a heating pad. After tracheot-
omy, the right carotid artery was exposed and can-
nulated for heart rate and blood pressure monitoring
(PE-50; inner diameter 0.58 mm; Portex, Hythe, UK).
An additional catheter (PE-50) in the right jugular
vein served as a route for administration of the fluo-
rescent tracer.

After transverse laparotomy, the rats were posi-
tioned on their left side and the livers were prepared
for intravital fluorescence microscopy by placing the
left lobe on a plasticine disk held by an adjustable
stage that was attached to the heating pad.'®
Thereby, the lower surface of the liver was situated
horizontal to the microscope, which guaranteed ad-
equate homogeneous focus level for the micro-
scopic procedure on the area of liver surface under
investigation. In addition, the adjustment of the plas-
ticine disk allowed us to avoid mechanical obstruc-
tion of feeding and draining macrovessels and to
minimize respiratory movements of the lobe. The
exposed area of the left liver lobe was immediately
covered with a glass slide to prevent drying of tissue
and the influence of ambient oxygen.'®

Intravital Fluorescence Microscopy and
Microcirculatory Analysis

In vivo microscopy was performed using a modified
Zeiss Axio-Tech microscope (Zeiss, Oberkochen,
Germany) and epi-illumination technique. Micro-
scopic images were registered by a charge-coupled

device video camera (FK 6990; Prospective Mea-
surements, San Diego, CA) and were transferred to a
video system (VO-5800 PS; Sony, Munich, Germa-
ny). Using a 10X objective (10x/0.30, Zeiss) a mag-
nification of X300 was achieved on the video screen
(PVM-1442 QM, with a diagonal of 330 mm; Sony). A
solution of 5% fluorescein isothiocyanate (FITC)-la-
beled dextran (MW, 150,000; 0.1 mi/100 g body
weight; Sigma, Deisenhofen, Germany) was injected
intravenously (i.v.) as a bolus. By epi-illumination
with blue light from a 100-W mercury lamp using a
Zeiss filter ((02), 450 to 490-nm/>520-nm excitation/
emission wavelength), the appearance of fluores-
cence in the hepatic microcirculation and its spread
into the parenchyma were observed on the video
screen and recorded on videotape. For a period of
up to 1 hour after the injection of FITC-dextran, the
liver parenchyma with individual expansion of lymph
vessels was observed.

Trans-sinusoidal exchange was analyzed in three
to five sinusoids per observation area (10 to 15 ob-
servation areas per animal) by quantifying extrava-
sation of the macromolecular fluorescent marker
FITC-dextran 150,000 by means of a computer-as-
sisted image analysis system (Caplmage, Zeintl,
Heidelberg, Germany) using densitometric tech-
niques.’"'2 Measurements were performed 1, 3, 5,
and 10 minutes after i.v. injection of the fluorescent
marker. This included densitometric determination of
gray levels extra- and intravascularly, ie, within the
tissue directly adjacent to the sinusoids (E,) as well
as in the cell-free plasma layer within the sinusoids
(E,)."® Trans-sinusoidal macromolecular exchange
(E) was finally calculated as E = E,/E,.

Lymph vessels were considered present when
perivascular andfor intrahepatic lucencies were
present. Lymph vessel expansion was quantitatively
assessed by determination of the functional lym-
phatic density, which was defined as the total length
of all lymph vessels per observation area (given as
cm/cm? (cm™1)). To account for variation in lymph
vessel size, lymph vessel area was determined
planimetrically (given in percentage of the whole
observation area). In each observation area, both
parameters were assessed by means of a computer-
assisted image analysis system (Caplmage).

Histopathology

Immunohistochemical staining of liver specimens for
demonstration of von Willebrand factor served for
differentiation between lymphatic vessels and blood
vessels. In brief, paraffinized dewaxed tissue sec-
tions (5 um) were incubated with H,O, to block



endogeneous peroxidase, subsequently pretreated
with pronase (2.5 mg/ml) at 37°C for 10 minutes and
then incubated with the rabbit polyclonal anti-von-
Willebrand-factor primary antibody (Dako, Hamburg,
Germany; dilution, 1:200) at 37°C for 90 minutes. As
secondary antibody, a biotinylated goat anti-rabbit
antibody (Vector Laboratories, Burlingame, CA; dilu-
tion, 1:200) was used for streptavidin-biotin complex
peroxidase staining (Vectastain ABC peroxidase
kits; Camona, Wiesbaden, Germany). 3-Amino-9-
ethyl-carbazole was used as chromogen, and the
sections were counterstained with hematoxylin.

In addition, liver tissue was excised as rapidly as
possible and embedded in OCT compound (Miles,
Elkhart, IN) and quickly frozen in liquid nitrogen. The
5- to 8-um thin sections were cut and collected on
poly-L-lysine coated glass slides, air dried, and
stored at 4°C until native analysis by fluorescence
microscopy (model BX60F, Olympus Optical Co.,
Tokyo, Japan).

Statistics

All values are means * SEM. After proving the as-
sumption of normality and homogeneity of variance
across groups, differences between groups were
calculated using the unpaired Student’s t-test. Dif-
ferences were considered significant for P < 0.05.
To assess the correlation between functional lym-
phatic density and trans-sinusoidal macromolecular
exchange, linear regression analysis was performed
(SigmaStat, Jandel Corp. San Rafael, CA).

Results

Intravital Microscopic Findings

Trans-sinusoidal macromolecular exchange, ie, the
ratio of extra- to intravascular gray level intensities, of
untreated control animals was 0.87 * 0.02 at 1
minute and slightly increased to 0.93 + 0.02 at 10
minutes after i.v. injection of FITC-dextran (Figure 1).
In animals treated with CCl, for 1, 2, and 4 weeks,
trans-sinusoidal macromolecular exchange was
found progressively delayed with 1-minute values of
0.85 £ 0.01,0.81 = 0.04, and 0.74 = 0.03 (P < 0.05
versus controls). At 10 minutes after i.v. injection of
FITC-dextran, however, the ratio of extra- to intravas-
cular gray level intensities of 0.95 = 0.03, 0.95 *
0.03, and 1.04 * 0.05 were in the range of those of
untreated control animals, indicating, with the excep-
tion of the delay, a still comparable overall capacity
of trans-sinusoidal macromolecular exchange (Fig-
ure 1). With increasing duration of CCl, exposure for
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Figure 1. Trans-sinusoidal macromolecular exchange (E), ie, ratio of
extra- to intrasinusoidal gray level intensities at 1, 3, 5, and 10
minutes after i.v. injection of bigh molecular FITC-dextran (MW,
150,000) in livers of animals after CCl, exposure for 1(n= 5), 2(n =
8), 4(n= 6), 8(n= 6), and 12 weeks (n = 7). Untreated animals
served as controls (n = 5). Measurements were performed using in-
travital fluorescence epi-illumination microscopy and densitometric
techniques for off-line analysis. Means * SEM; *P < 0.05 versus
controls.

8 and 12 weeks, pattern of trans-sinusoidal macro-
molecular exchange did not further change with de-
layed values of 0.75 * 0.04 and 0.77 * 0.05 at 1
minute (P < 0.05 versus controls) as well as normal
values with 0.98 = 0.06 and 0.93 * 0.06 at 10
minutes after i.v. injection of FITC-dextran (Figure 1).

Assessment of the formation of hepatic lymphatics
during the time course of liver fibrosis and cirrhosis
revealed a progressive increase of functional lym-
phatic density (Figure 2, A-D) with a mean value of
12.3 + 8.0, 19.9 + 10.4, and 49.8 = 9.0 cm™" after
1, 2, and 4 weeks of CCl, exposure, respectively
(P < 0.01 versus controls; Figure 3A). At the stage of
CCl, exposure for 8 and 12 weeks, functional lym-
phatic density was found unchanged, presenting
with values of 44.4 + 57and 382 + 26cm™ ' (P <
0.01 versus controls; Figure 3A). In parallel with the
values of functional lymphatic density, the area of
lymphatic vessels progressively increased (Figure 2,
A-D)from26 + 1.7%t0 6.5+ 3.4and 145+ 1.7%
after 1, 2, and 4 weeks of CCl, exposure with no
further change after CCl, exposure for 8 (13.2 =+
2.1%) and 12 (11.6 *= 0.7%) weeks (P < 0.01 versus
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Figure 2. Intravital fluorescence microscopic image of the lymphatic network of the liver after CCl,; exposure for 1(A), 2(B), 4(C), and 12(D) weeks.
During initial stages of CCl; exposure (1, 2, and 4 weeks; A to C), lymph vessel density was found progressively increased with no further change in
8- and 12-week-exposed livers (D). Fluorescence epi-illumination technique after i.v. injection of high molecular weight FITC-labeled dextran (MW,

150,000) as fluorescent marker; magnification, X 100.

controls; Figure 3B). In untreated control animals, no
lymphatic transport of FITC-dextran was visualized
(Figure 3, A and B).

Linear regression analysis between functional
lymphatic density and transsinusoidal macromolec-
ular exchange at 1 min after FITC-dextran injection
revealed a significant (P < 0.01) correlation with > =
0.99 (Figure 4).

Histological Findings

Immunohistochemical analysis for von Willebrand
factor revealed a marked staining of endothelial cells
lining post-sinusoidal venules as well as hepatic ar-
terial and, in particular, portal venous vessels and,
thus, allowed to separate lymphatics within the portal
tracts, which do not or at least only weakly stain for
von Willebrand factor (Figure 5, A and B). Additional
indication for lymphatics was given by the intralumi-
nal absence of blood cells. Whereas in normal he-
patic tissue, lymphatics were rarely observed and,

then, bile duct and hepatic arteriole were in most
instances larger than the lymphatic duct (Figure 5A),
lymphatics were constantly observed in tissue sec-
tions of CCl,-induced liver fibrotic and cirrhotic ani-
mals, exhibiting engorgement with diameters at least
as large as that of the adjoining arterioles and bile
ducts (Figure 5B). Beside their location within the
portal tracts, fluorescence microscopy of cryostat
sections revealed FITC-conducting lymph vessels in
the fibrous septa of liver tissue after repetitive CCl,
exposure (Figure 6).

Discussion

Although increased lymph production in human cir-
rhosis was repeatedly described and dilated lymph
vessels were documented by angiography and com-
puter tomographic scans in liver fibrotic and cirrhotic
patients,'* 'S no reports of in vivo studies exist spe-
cifically designed to determine the expansion and
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Figure 3. Functional lymphatic density, ie, length of lymphatic vessels
per area, in cm/cm? (A) and lympbatic vessel area, in percent (B), in
livers of animals after CCl; exposure for 1(n=5), 2(n=8), 4(n =
6), 8(n = 6), and 12 (n = 7) weeks. Untreated animals served as
controls (C; n = 5). Measurements were performed using intravital
Sfluorescence epi-illumination microscopy and a computer-assisted im-
age analysis system for off-line analysis. Means * SEM; *P < 0.01
versus controls.

function of lymphatics in the time course of develop-
ment of liver fibrosis and cirrhosis. Using high-reso-
lution fluorescence microscopy, the present study
shows that the initial stages after CCl, exposure of
rats (1 to 4 weeks) were characterized by a progres-
sive delay in macromolecular blood hepatocytic ex-
change, implying the appearance of diffusion barri-
ers within the fibrotic and cirrhotic liver. In parallel, in
these animals, marked increases of both lymph ves-
sel density and lymph vessel area were observed.
Linear regression analysis revealed a significant cor-
relation in that the more delayed the trans-sinusoidal
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Figure 4. Regression analysis between functional lymphbatic network
density (cm™ ") and macromolecular exchange of FITC-dextran
150,000 at 1 minute after i.v. injection of the fluorescent marker. @,
control livers; B, livers after 1 week of CCl, exposure; A, livers after 2
weeks of CCly exposure; V, livers after 4 weeks of CCl, exposure; ®,
livers after 8 weeks of CCl; exposure; @, livers after 12 weeks of CCl,
exposure.

Figure 5. Immunobistochemical staining of normal liver tissue (A)
and liver tissue after 8 weeks of CCl; exposure (B) with an antibody
directed against von Willebrand factor. A: Endothelial cells of post-
sinusoidal venules as well as bepatic arterioles and portal venules
within the portal tracts show an intense reaction, whereas staining of
the endothelium for von Willebrand factor is lacking in the lympbatic
vessel (L). B: Engorged bepatic lymph vessels (L) within the portal tracts
of liver cirrbotic tissue with still absent staining for von Willebrand
Jfactor. Note the intense staining of the vessels within the perinodular
Sfibrotic tissue and along bepatic sinusoids in cirrbotic nodules. Mag-
nification, X 220.
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Figure 6. Fluorescence microscopic analysis (triple exposure: 330 to 390/>430-nm, 450 to 490/>515-nm, and 530 to 560/>580-nm excitation/
emission wavelength) of cryostat sections of liver tissue after 4 weeks of CCl, exposure. Note the numerous FITC-dextran conducting lymph vessels
(green fluorescence) within the autofluorescent fibrous septa of liver fibrotic tissue (yellow fluorescence). Parenchymal cells (blue fluorescence) were
stained in vivo by Bisbenzamide H33342 (20 nmol/kg i.v.). Magnification, X 220.

macromolecular exchange capacity, the higher lym-
phatic network density.

The unique aspects of our in vivo fluorescence mi-
croscopic approach, employed in the present study,
includes 1) the assessment of the kinetics of hepatic
lymph vessel expansion in the course of liver fibrosis
and cirrhosis with quantitative analysis of development
of functional lymphatic network density and 2) the de-
termination of trans-sinusoidal macromolecular ex-
change capacity of FITC-dextran 150,000, which
serves as an indirect marker for blood hepatocytic
barrier function. Within the first weeks of CCl, expo-
sure, macromolecular exchange of FITC-dextran within
the hepatic microcirculation was found progressively
delayed, which goes along with previous studies dem-
onstrating delayed plasma clearance of different trac-
ers in cirrhotic rats.'® As suggested by others,'® the
appearance of diffusion barriers might reduce the
trans-sinusoidal hepatocellular exchange capacity,
which may finally lead to an unavailability of blood
solutes, such as FITC-dextran, to hepatocytes. The
significant point of the present study is the association
of the delay of macromolecular blood hepatocytic ex-
change with an increase of lymphatic drainage,
thereby carrying abundant FITC-dextran. In livers of

untreated control animals, no lymphatic transport of
FITC-dextran can be observed, as FITC-dextran is
freely diffusible, as indicated by the rapid trans-sinusoi-
dal exchange, and completely taken up by hepato-
cytes. So far, lymphatics of the liver have been recog-
nized to play an important role in overall regulation of
body fluid balance®'” and, in cases of liver cirrhosis,
increased lymph flow'® has repeatedly been sug-
gested as an important mechanism for fluid to bypass
increased  sinusoidal/post-sinusoidal  resistance.®'®
Our study provides substantial in vivo evidence that
lymphatic drainage functions as a compensatory
mechanism, guaranteeing the transport of macromol-
ecules (ie, FITC-dextran), which are, although delayed,
effectively removed from the circulation but trapped
extravascularly due to diffusion-barrier-induced hin-
drance of hepatocellular uptake.

In conclusion, the present study presents both the
first documentation and the quantitative character-
ization of the relation between compensatory lymph
vessel expansion and altered blood hepatocytic ex-
change. This link is now known to include the func-
tion of macromolecular lymphatic transport linearly
dependent on the deterioration of trans-sinusoidal
hepatocytic exchange capacity.
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